Context. A complete set of orbital parameters for barium stars, including the longest orbits, has recently been obtained thanks to a radial-velocity monitoring with the HERMES spectrograph installed on the Flemish Mercator telescope. Barium stars are supposed to belong to post-mass-transfer systems. Aims. In order to identify diagnostics distinguishing between pre-and post-mass-transfer systems, the properties of barium stars (more precisely their mass-function distribution and their period -eccentricity (P − e) diagram) are compared to those of binary red giants in open clusters. As a side product, we aim to identify possible post-mass-transfer systems among the cluster giants from the presence of s-process overabundances. We investigate the relation between the s-process enrichment, the location in the (P − e) diagram, and the cluster metallicity and turn-off mass. Methods. To invert the mass-function distribution and derive the mass-ratio distribution, we used the method pioneered by Boffin et al. (1992) that relies on a Richardson-Lucy deconvolution algorithm. The derivation of s-process abundances in the open-cluster giants was performed through spectral synthesis with MARCS model atmospheres. Results. A fraction of 22% of post-mass-transfer systems is found among the cluster binary giants (with companion masses between 0.58 and 0.87 M , typical for white dwarfs), and these systems occupy a wider area than barium stars in the (P − e) diagram. Barium stars have on average lower eccentricities at a given orbital period. When the sample of binary giant stars in clusters is restricted to the subsample of systems occupying the same locus as the barium stars in the (P − e) diagram, and with a mass function compatible with a WD companion, 33% (=4/12) show a chemical signature of mass transfer in the form of s-process overabundances (from rather moderate -about 0.3 dex -to more extreme -about 1 dex). The only strong barium star in our sample is found in the cluster with the lowest metallicity in the sample (i.e. star 173 in NGC 2420, with [Fe/H] = −0.26), whereas the barium stars with mild s-process abundance anomalies (from 0.25 to ∼ 0.6 dex) are found in the clusters with slightly subsolar metallicities. Our finding confirms the classical prediction that the s-process nucleosynthesis is more efficient at low metallicities, since the s-process overabundance is not clearly correlated with the cluster turn-off (TO) mass; such a correlation would instead hint at the importance of the dilution factor. We also find a mild barium star in NGC 2335, a cluster with a large TO mass of 4.3 M , which implies that asymptotic giant branch stars that massive still operate the s-process and the third dredge-up.
Introduction
It is difficult to match observational constraints with scenarios of mass transfer involving red giant stars. Most notably the observed distribution of post-mass-transfer systems in the period -eccentricity (P − e) diagram does not match the model predictions because models basically predict a bimodal distribution: on the one hand, circular short-period systems (P < 800 d), resulting from Roche-lobe overflow (RLOF), and on the other hand, eccentric systems with periods longer than about 3000 d that avoided RLOF and always remained detached (Boffin & Jorissen 1988; Pols et al. 2003; Bonačić Marinović et al. 2008; Based on observations made with the Mercator Telescope, operated on the island of La Palma by the Flemish Community, at the Spanish Observatorio del Roque de los Muchachos of the Instituto de Astrofisica de Canarias, and on observations made with the HARPS spectrograph installed on the 3.6 m telescope at the European Southern Observatory. rial has been transferred to the barium star when the former primary, now a white dwarf (WD), was an asymptotic giant branch (AGB) star. This binary scenario was convincingly confirmed by the observation that (almost) all barium stars reside in binary systems McClure 1983; Jorissen & Mayor 1988; McClure & Woodsworth 1990; Jorissen et al. 1998) . Recently, a radial-velocity monitoring with the HERMES spectrograph (Raskin et al. 2011) attached to the 1.2 m Mercator telescope from the Katholieke Universiteit Leuven has provided the last remaining orbits (some with orbital periods as long as 50 yr) for a complete sample of barium stars (Jorissen et al. 2016, in preparation) .
Here, we make use of this complete set of post-mass-transfer orbital elements to study the resulting mass function distribution to revisit the mass-ratio distribution of these stars, therefore extending the work of McClure & Woodsworth (1990) , Boffin et al. (1992) , and Jorissen et al. (1998) . For post-mass-transfer systems such as barium stars, the companion should be a CO white dwarf with a mass larger than 0.51 M (for a star of initial mass 0.9 M ; e.g. Eq. 66 of Hurley et al. 2000) . This prediction may be tested from the mass-ratio distribution of barium stars. But before embarking onto this, it is useful to have a comparison sample. In their pioneering work, Boffin et al. (1993) constructed a sample of normal, field G-K giants known to be spectroscopic binaries and found that the mass ratio distribution was most likely close to uniform. This had the advantage of having field stars similar to the sample of barium stars, allowing for a better comparison. On the other hand, this sample was very heterogeneous, coming from different sources. Since it was not possible to know the masses of these stars, some assumptions had to be made. Since then, we are fortunate enough that a new, homogeneous catalogue has been published. Mermilliod et al. (2007b) indeed provide spectroscopic orbits for 156 red giants in open clusters, as the final outcome of a very long programme carried out with the CORAVEL instrument (Baranne et al. 1979) . We use this sample as a comparison to our sample of barium-star orbits (and their cooler analogues, the extrinsic S stars).
The paper is constructed as follows. In Sect. 2, we present our method to analyse the mass ratio distribution of a sample of binary stars, which we then apply to the sample of Mermilliod et al. (2007b) in Sect. 3 and to our enlarged sample of barium and S stars in Sect. 4. Section 5 describes an abundance analysis that aims to detect barium stars in open clusters.
Methodology
For spectroscopic binary systems with only one observable spectrum (SB1), the individual component masses cannot be accessed directly; they instead combine in the spectroscopic mass function f (m):
where i is the (unknown) orbital inclination with respect to the plane of the sky, M 1 and M 2 are the primary and secondary masses, respectively, and q = M 2 /M 1 is the mass ratio. The mass function (expressed in solar masses M ) is derived from observable quantities f (m) = 1.0385 10 −7 K 3 1 (1 − e 2 ) 3/2 P,
where P is the orbital period (expressed in days in the above relation), K 1 (in km s −1 ) is the radial-velocity semi-amplitude of the observable primary component, and e is the eccentricity.
In our case, the primary is the red giant, so if there is a way to know (or assume) its mass, we can, for a given sample, study the distribution of the quantity Y = f (m)/M 1 . As we can safely assume that the orbital inclination is randomly distributed according to g(i) = sin i, the distribution of Y can thus provide us with the distribution of mass ratios, d(q), that we are looking for (see e.g. Boffin et al. 1992 Boffin et al. , 1993 Cerf & Boffin 1994; Pourbaix et al. 2004; Boffin 2010 Boffin , 2012 .
One way to accomplish this is to look at the distribution of log Y (and not of Y; see Boffin 2010) and compare this with some given a priori distributions. Another way is to use a method to numerically invert the equation that links the observed distribution of Y with that of q. Here, we use the method designed by Boffin et al. (1992) , which relies on a Richardson-Lucy deconvolution and has proven to be very robust and reliable (see references above). Mermilliod et al. (2007b, M07 in the following) obtained radial velocities of 1309 red giants in 187 open clusters distributed over the whole sky. These red giants have been monitored with the CORAVEL and CfA spectrometers for 20 years, with a typical accuracy of 0.4 km s −1 per observation. They detected 289 spectroscopic binaries and published orbits for 156 systems with an average of 26 observations per system. The orbital periods range from 41.5 days to 40 yrs and eccentricities from 0 to 0.8. The remaining 133 systems have periods that are too long, an insufficient number of observations, and/or inadequate phase coverage for an orbit determination.
Binary red giants in open clusters
Although the M07 sample of binary red giants in open clusters cannot be considered complete for the reasons listed above, the homogeneity of the data and the observing strategy nevertheless permit a reliable assessment of the statistical properties of the binary systems of this sample. In particular, one may safely assess that the major incompleteness concerns the systems with the longest orbital periods, above 10 4 d -about 30 yr -, given that the velocity monitoring spanned 20 years. This selection effect does not bias the intended comparison with the post-masstransfer sample of barium stars, which has a similar period cutoff, as we discuss below (Sect. 4). Another advantage of the M07 sample is that it deals with members of open clusters. We can use the latter to estimate the mass of the red giant needed for Eq. 1. This was carried out in the following way: for each cluster, we used the distance, reddening, age, and metallicity of the clusters as collected in WEBDA 1 . The photometric data of the objects are then used to locate them into an H-R diagram. We then used the BaSTI 2 isochrones corresponding to the adequate metallicity, and corrected for the given reddening and distance, to determine the mass of the stars. We preferred to use this method than simply use the turn-off of the cluster as the mass of the giants, as this should lead to a more precise value and an independent check of membership of the star. In fact, this methodology was usable on only 124 systems, which is the sample we use in the following. Of the 32 systems for which we could not find an adequate solution, 28 were flagged by M07 as non-cluster members but field stars. The remaining four (NGC 2489 25, NGC 2925 92, Ru 79 2, and Tr 26 201) are supposedly cluster members, but we do not consider them further here, as their small number is not going to degrade the statistics. The resulting mass distribution is shown in Fig. 1 and Table A.4. Typical errors on the mass we so derive are between 0.05 M and 0.2 M , i.e. between 1% and 9%. Such a small error has no consequence on the mass ratio distributions we derive, given the weak dependence of the mass ratio on the primary mass, for a given spectroscopic mass function (see Eq. 1). The bulk of the primary-mass distribution we obtain can be approximated by a Gaussian distribution centred on 2.3 M and with a standard deviation σ = 0.3 M , although there are some additional systems with masses between 3 and 4 M (with a secondary peak at 3.3 M ). The mean mass of the red giants in this sample is 2.9 M . In the following, we carry out the analysis using either the actual primary-mass distribution as determined through isochrone fitting or using a single Gaussian distribution as first approximation.
The resulting distribution of log Y for the M07 sample, using the primary masses we determined, is shown in Fig. 2 , where we also show the distribution (cyan dashed line in the bottom panel) we would expect if we had a uniform mass-ratio distribution (MRD), as was found by Boffin et al. (1993) for their sample of red giant spectroscopic binaries. Clearly, the observed distribution has an over density of systems with −3 < log Y < −2 compared to the uniform distribution. As an illustration, a value of log Y = −2 corresponds to a mass ratio of 0.3, when taking the mean value of sin 3 i. For a primary mass of 2.3 M , such a mass ratio corresponds to a secondary mass of 0.69 M . Thus, it appears that the observed distribution of log Y indicates that there are more systems with such a mass ratio (or corresponding secondary mass) than one would expect from a uniform distribution. There is no reason to expect such an excess of 0.6-0.7 M stars, if they were on the main sequence, unless some process during star formation led to a peak at this mass ratio. This is, however, neither seen in the analysis of field red giant stars, nor in the study of solar-like stars (Halbwachs et al. 2003) . Such a mass does correspond, however, to the typical mass of CO WDs (Falcon et al. 2010; Kleinman et al. 2013) , and one could thus assume that there is a fraction of systems in the M07 sample that are post-mass-transfer systems, i.e. systems in which the (present) red giant was initially the least massive of the two stars and the primary already evolved to the WD stage. Such systems are similar to barium and S stars, although they may not all be contaminated in s process (this is checked in Sect. 5.1), and would be the possible descendants of blue straggler stars seen in open clusters. Such post-mass-transfer giants should thus be (Lower panel) This shows the two components entering into our best-fit model using a Monte Carlo approach: The cyan dashed line connecting solid dots is the distribution that one would expect for a uniform mass-ratio distribution, while the blue dotted line connecting crosses corresponds to having 22% of systems with a Gaussian distribution of Y, centred around Y = 0.007 and a standard deviation of 0.0009. The best-fit red line in the upper panel is the sum of these two distributions.
somewhat bluer (about 0.05 -0.07 mag in B − V for a mass difference of 0.2 M ) than the other giants. This effect was not seen when the giant masses were derived from isochrone fitting (see earlier in this Sect.), which is probably because the available photometric data was not accurate enough.
We have therefore tried to add, on top of the uniform massratio distribution, a sample of post-mass-transfer systems, represented by systems with a peaked Gaussian distribution of < Y > = Y/ sin 3 i, as was found for barium stars (Webbink 1988, see also Sect. 4) . Such a peaked distribution would mean that the mass ratio is peaked, as expected for a WD mass distribution. We have therefore searched for the best fit, by means of χ 2 minimisation to the observed distribution, in which we add three free parameters: the fraction of systems belonging to the post-mass-transfer population, n p , and the mean and standard deviation of the Gaussian distribution, Y p and σ p . The result of the best fit, corresponding to a reduced χ 2 r = 1.035, is shown in Fig. 2 , and is given by n p = 0.22 ± 0.02, Y p = 0.0070, and σ p = 0.0009 ± 0.0001. Such a value of Y p would translate into a peaked distribution of mass ratios around q = 0.216, which, assuming the mean mass of red giants in the sample, 2.9 M , indicates a peaked secondary mass around 0.63 M , exactly as expected for WDs. For primary masses of 2.3 and 3.3 M , as suggested from Fig. 1 , the secondary mass amounts to 0.50 and 0.71 M , respectively. We conclude that we need to add ∼22% of post-mass-transfer systems containing a WD to reproduce the observed distribution of log Y for giants in open clusters.
A&A proofs: manuscript no. 28867_am Fig. 3 . Mass ratio distribution corresponding to the M07 sample as derived with the Richardson-Lucy algorithm, when using the primary mass derived from the fit of the isochrones (top panel) or assuming a Gaussian distribution (lower panel). For the latter, we have run 1,000 simulations and indicate the 1 σ error bars associated with these. In the top panel, we also show, with the red dashed line connecting heavy dots, the distribution we obtain with our inversion method when giving as input a uniform distribution (see text), while in the lower panel the dashed cyan line connecting dots just shows a uniform distribution of mass ratios for comparison.
Of course, instead of assuming some functional form for the MRD and although we seem to be obtaining a very good fit to the observations, it may be more appropriate to use an inversion technique to obtain the MRD directly from the observed distribution of Y, without any a priori assumption on the form of the MRD. As mentioned above, this can be carried out with the Richardson-Lucy deconvolution method (Lucy 1974) . We have used this method and the results are shown in Fig. 3 . In the upper panel, we show the MRD obtained when using the primary masses we derived from isochrones. This figure shows what is now a familiar result: the MRD is generally very uniform (with a small scatter due to the small number of systems) but with an additional strong peak of systems with a mass ratio between 0.2 and 0.3. For the mean primary mass of this sample, such a mass ratio corresponds to secondary masses between 0.58 and 0.87 M , i.e. typical masses of WDs, in agreement with what we found above. We also note that our computed distribution shows a few systems with a mass ratio above 1. As the M07 sample is composed of single-lined binaries with a red giant primary, and since the most massive star should have evolved first, these few systems with q > 1 are most probably an artefact of the method (due to the limited resolution) and, in some cases, of an underestimate of the primary mass. Similarly, the quasi-absence of systems with mass ratios in the first bin 0 < q < 0.1 is most likely due to an observational bias, as systems with very low mass ratios have radial-velocity amplitudes that are too small (and thus too small f (m)) to be detected. To illustrate this, we show in the top panel of Fig. 3 the result of an experiment we conducted. We created an artificial sample of systems drawn from a uniform distribution of mass ratios, and associated to each of them an inclination, assuming g(i) = sin i. We then added a 10% error to the so-derived spectroscopic mass function and removed all systems that had a f (m) smaller than the smallest in our sample. We then applied our inversion method to derive the mass ratio distribution and show this as the red dashed curve. We can see that we account for the lack of systems in the first bin and the systems with apparent mass ratio above one.
The lower panel of the same figure shows the MRD we obtain if, instead of using the primary masses we derive from isochrone fitting, we assume that the primary-mass distribution is a Gaussian centred on 2.3 M with a standard deviation of 0.3 M . We have run 1,000 simulations, generating the primary mass of a given system according to this distribution every time. This allows us to estimate the typical error bar on each bin in the histogram. As one can see, there is practically no difference resulting from the use of the actual primary-mass distribution or from this Gaussian first approximation. We use this fact later when studying barium and S stars.
While this work was well underway, we came across the paper by North (2014) , which also analysed the sample of cluster giants of Mermilliod et al. as part of a study of A stars. The analysis in this study is, however, restricted to assuming a flat mass ratio distribution for the companions of the red giants, and comparing the distribution of the logarithm of f (m) so obtained, assuming random inclination. North then found, as we did, that the peak in this distribution requires an additional component, which he models as a distribution of WD companions following a Gaussian centred around 0.6 M and with a dispersion of 0.03 M . To reproduce the peak, North (2014) needs a relative number of WD companions of about 23%. His results are thus in agreement with ours, but our method appears more rigorous, with a minimisation method used to find the final set of parameters. Moreover, our inversion technique provides us with a direct mean to obtain the true mass ratio distribution. Finally, North argues that the proportion of 23% of WD companions can be easily accounted for by assuming a Salpeter initial mass function for the original primaries (the WD progenitors thus) and a uniform (or quasi-uniform) mass-ratio distribution, given the narrow age and mass distributions of the observed giants in the clusters.
Looking for the post-mass-transfer objects
Our results above have shown that the red giant binaries in open clusters contain a fraction, 22%, of systems with a WD companion. As this results from a statistical analysis, it is of course not possible to identify which are these post-mass-transfer systems. One possibility would be to make use of a well-known property of stars in the period -eccentricity (P − e) diagram, as proposed in Jorissen & Boffin (1992) and Boffin et al. (1993) . It is known that most binary samples lack systems with small eccentricities at long periods. Since this gap is already present among premain-sequence binaries (Mathieu 1992) , it must be a signature imprinted by the binary formation processes; more precisely, no binary systems form in circular orbits. Subsequent circularisation of the binary system results either from tidal effects (for the shortest systems) or from mass-transfer processes. As a result, the exact extent of this gap, which we call the long-period gap, depends upon the kinds of systems under consideration. In FG main-sequence binaries (Duquennoy & Mayor 1991) for example, no systems with e < 0.1 and P > 130 days are found. But for post-mass-transfer systems such as barium stars, the gap is found at e < 0.05 and P > 1000 d (see the top panel of Fig. 4 ). This narrowing of the gap must clearly be attributed to the mass transfer and S stars (red dots), as well as a conservative envelope that encompasses all the points (green line). The middle panel shows red giants in binary systems from M07, separated according to the envelope defined above (black and cyan symbols). The lower panel shows only those systems from M07 with mass functions in the range −2.8 < log Y < −2.05, that is, those that are more likely to be post-mass-transfer systems (however, about half of these systems are not, according to the bottom panel of Fig. 2 ).
that occurred in those systems. Therefore, it was hypothesised by Boffin et al. (1993) that the systems with red giants that are in the area e < 0.1 and P > 130 d could be post-mass-transfer systems. We test a generalised version of this assumption here using two different methods:
-We look at the f (m) distribution for this subsample and see whether it reveals possibly a larger percentage of WD companions in the sample; -We perform a chemical abundance analysis for a few stars located in this region with the aim to identify whether they are s-process enriched like barium stars.
In addition, we establish the mass-ratio distribution for a subsample of short-period systems and see whether, as expected, the fraction of post-mass-transfer systems has been considerably reduced. Figure 4 shows the (P − e) diagram for our sample of barium and S stars (to be described in Sect. 4) and open cluster stars. As can be seen in the top panel, the eccentricity of barium and S Fig. 5 . Distribution of log Y (top panel) and mass-ratio distribution (bottom) for the two subsamples of M07, according to their position in the P−e diagram; the heavy black curve corresponds to those systems below the envelope shown in Fig. 4 , while the cyan dashed line corresponds to those above the envelope. The latter should therefore not contain postmass-transfer systems, i.e. systems with a WD companion. In the top panel, the magenta line connected by heavy dots represents the distribution expected in case of a uniform distribution. It can be seen that both subsamples deviate from the uniform distribution and the mass ratio distributions are barely distinguishable, even if the systems with large eccentricities seem to be more peaked around log Y = −2.3.
The mass function
stars is delineated by an envelope, with the mean eccentricity at a given orbital period being smaller for barium and S stars than for normal giants (Boffin et al. 1993) or open cluster giants. To be conservative, we defined this envelope as the curve shown in Fig. 4 and defined by e = 0.16 if log P < 2.47 (3) e = −2.90 + 1.71 log P − 0.19(log P) 2 if log P ≥ 2.47. (4) We then separated the sample of M07 giants into two subsamples, depending on which side of the envelope the giants are located, with the null hypothesis being that the subsample below the envelope should contain more post-mass-transfer systems, i.e. more systems with a WD companion, while the subsample above the envelope should not contain any. For these two subsamples, we applied the Richardson-Lucy inversion technique to derive the respective mass-ratio distributions as shown in the lower panel of Fig. 5 . As can be seen, there is basically no difference between the two subsamples, as both show an excess of low-mass companions.
We also tried the opposite approach. We selected all systems with −2.8 < log Y < −2.05 from the M07 sample, i.e. those systems that appear over-represented in Fig. 2 compared to a uniform distribution and which therefore correspond to the white dwarf population. These systems are shown in the P − e diagram in the lower panel of Fig. 4 , where it can be seen that they are found on both sides of the post-mass-transfer system's envelope. It should be remembered, however, that the post-mass-transfer systems represent only about half of the systems in the −2.8 < log Y < −2.05 range (more precisely 21/37 = 57%), as may be judged from Fig. 2 .
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Thus it appears that it is not at all easy to separate those systems that contain a WD from those that do not in the P − e diagram.
Chemical enrichment
We performed an abundance analysis of the giants with long periods and low eccentricities to identify those possibly bearing the chemical signature of mass transfer from a thermally pulsing AGB companion, in the form of overabundances of s-process elements. In other words, we have looked for possible barium stars among the M07 binaries. Although this abundance study is deferred to Sect. 5.1 below, we present its conclusions here. One barium star with strong anomalies is confirmed in NGC 2420 (star 173, with [Fe/H] = -0.26), and three more with mild anomalies (of the order of 0.3 to 0.5 dex) are found in solar-metallicity clusters (Table 3) . Among the 12 stars studied [all located in the same region of the (P − e) diagram as barium stars], 4 (or 33%) thus exhibit some abundance anomalies, a fraction well in line with the expectation from the mass-function analysis.
The short-period systems
Finally, as post-mass-transfer systems should have orbital periods large enough to have avoided the common envelope phase, we should not expect many of these in the M07 sample at small periods. We analysed the mass ratio distribution as obtained with the Richardson-Lucy method for a subsample of M07, taking into account all systems with an orbital period below 180 days, where this value is somewhat arbitrary. In our sample of barium and S stars (see below), we have only two systems with periods below this value. The result is shown in Fig. 6 , which, given the small sample (24 systems), is compatible with a uniform distribution of mass ratios, without the need to add any WD companion population.
Barium and S stars
A companion paper (Jorissen et al. 2016 , in preparation) complements earlier studies collecting orbital elements for barium and S stars McClure 1983; Jorissen & Mayor 1988; McClure & Woodsworth 1990; Jorissen et al. 1998) , and finally provides the longest orbits among barium and S stars, some with orbital periods up to 50 years. These orbits are obtained in the framework of the ongoing HERMES/Mercator radial-velocity monitoring (Van Winckel et al. 2010; Gorlova et al. 2013 ); see Jorissen et al. (2016, in preparation) for detailed information. For the sake of completeness, the full list of mass functions, periods, and eccentricities currently available for barium and S stars is given in Tables A.1 -A.3.
In the remainder of this paper (especially Sects. 4.1 and 5.1), it will sometimes be necessary to distinguish between the socalled mild and strong barium stars. This distinction is made on the "Ba index" introduced by Warner (1965) , and reflecting the strength of the Ba lines, based on visual inspection, on a scale from Ba1 to Ba5, Ba5 corresponding to the strongest lines. In this and our past studies, we associate Ba1 -Ba2 indices with mild barium stars and Ba3 -Ba5 indices with strong barium stars.
Mass-ratio distribution
The derivation of the MRD of barium stars is plagued by the uncertainty existing on their masses. Unlike giants in clusters, there is no direct way to assess the masses of field giants. Mennessier et al. (1997) used a Bayesian method to infer barium-star masses, based on their location in the Hertzsprung-Russell diagram, using Hipparcos parallaxes. They conclude that mild and strong barium stars have somewhat different mass distributions, as mild and strong barium stars are characterised by masses in the range 2.5 -4.5 M and 1 -3 M , respectively. Since the MRD analysis treats mild and strong barium stars together, a distribution that is intermediate between these two seems appropriate. We therefore adopt a Gaussian distribution centred on 2.3 M and with a standard deviation of 0.3 M for the primary mass of the barium systems, similar to the M07 sample. Fortunately, as shown with our study of the M07 sample, using the real primary-mass distribution or a simplified version of it (Gaussian distribution) does not fundamentally alter the results.
We derived the MRD of barium stars from the 72 orbits listed in Tables A.1 -A.2, and adopted the Gaussian mass distribution described above. The outcome of this procedure is shown in Fig. 7 , where it is apparent that the distribution is very peaked around q ∼ 0.30. A Gaussian distribution that best fits the results is centred on q = 0.33 with a standard deviation of 0.065. This result is very robust with respect to the choice of the parameters of the barium-star mass distribution (M 1 ). The average q varies from 0.3 for < M 1 >= 3 M to 0.4 for < M 1 >= 1.5 M , whereas σ(q) stays at 0.065. This mass ratio then corresponds to companion masses M 2 = 0.60, 0.76, and 0.90 M for M 1 = 1.5, 2.3, and 3 M , respectively. The dispersion around these values for the companion mass M 2 cannot be derived with certainty, since it depends upon the adopted dispersion around M 1 . The value σ(q) = 0.065 derived from the observed mass-function distribution implies σ(M 2 ) = 0.03 M if σ(M 1 ) = 0.30 M (and
In any case, the above masses for the companion are consistent with carbon-oxygen WDs. This is no surprise (McClure & Woodsworth 1990; Jorissen et al. 1998; North et al. 2000) as barium stars are now well established to be post-mass-transfer systems with WD secondaries (McClure & Woodsworth 1990; Jorissen & Boffin 1992; Merle et al. 2016) . The above result was expressed in a slightly different way by McClure & Woodsworth (1990) who stated that for barium systems, the value of
2 can be considered a constant, Q = 0.046 M , as confirmed in Sect. 4.2. To reconcile the mean value of the WD mass M 2 in barium systems with that of field DA WDs (0.647 ± 0.014 M , from gravitational redshifts; Falcon et al. 2010 ), a typical barium-star mass of 1.62(±0.20) M needs to be adopted. We can only hope to determine precisely the mass of the barium stars with Gaia and its expected delivery of many astrometric binaries. Only then will we be able to check whether or not there is a significant difference in the mass distribution of WDs in barium-star systems and in the field, and thereby provide some constraints on the mass-transfer mechanism. Table 1 . Best-fit parameters for the Gaussian distributions of primary and secondary masses, and
2 , where all masses are expressed in M . Only Q is constrained by the fit, not M 1 and M 2 individually; therefore the first line for each category (Ba or S) lists the pairs that were used in the fit, and the following lines list other possible combinations of M 1 and M 2 yielding the same Q. In Fig. 7 , moreover, we see that there is a small excess of systems with mass ratios between 0.1 and 0.2; these systems would correspond to lower mass WDs, that is those below 0.46 M , namely, He WDs. Such WDs cannot have been the core of a thermally pulsing AGB star where the s-process material needed to pollute the barium star has been synthesised (Merle et al. 2016) . Therefore, this cannot be the correct explanation for the presence of that peak. In fact, the peak may be traced to the presence of the barium star HD 218356, = 56 Peg, with a mass function of (3.7±0.3)×10
−5 M , (Table A. 2) in the sample. We checked that by removing 56 Peg from our sample, the small peak at q ∼ 0.15 disappears. A detailed analysis of that system (Frankowski & Jorissen 2006 ) concluded that to reconcile constraints from the orbital mass function with evolutionary considerations, the giant must be a fast rotator (V rot ∼ 30 -50 km s −1 ) and the orbital inclination must be small (i ∼ 5
• ). This analysis led to masses in the range 2-4 M and 0.75-1.15 M , for the primary and secondary respectively, corresponding to a mass ratio in the range 0.19-0.58, just above the values 0.1-0.2 inferred from the statistical analysis of the mass-function distribution. Since HD 218356 is classified as G8 Ib (Morgan et al. 1943) , the upper limit of the primary-mass range seems more likely, and yields q = 0.19. The small inclination of 5
• has a probability of occurrence of one part in 260, and is therefore not expected in a sample of 71 stars such as ours. Therefore, we believe that the secondary peak observed at low q values in Fig. 7 is the result of small-number statistics and does not deserve any further discussion.
We performed the same analysis for our smaller sample of S star orbits (N = 29) and the result is shown in Fig. 8 . We obtained a MRD similar to that of barium stars. Both samples are combined in Fig. 9 , from which we conclude that S stars are the cooler analogues of barium stars since their orbital properties are similar, in agreement with the conclusion of Jorissen et al. (1998) .
A different approach, fitting mass functions
So far, we extracted the MRD from the inversion of the mass-function distribution using the Richardson-Lucy algorithm. Webbink (1988) and McClure & Woodsworth (1990) have proposed a different approach, fitting the mass-function distribution of barium stars by Gaussian distributions for M 1 and M 2 and a random distribution of orbital inclinations. After exploring the parameter space [M 1 , M 2 , σ(M 1 ), σ(M 2 )], the parameters minimizing the Kolmogorov-Smirnov distance between the observed and synthetic cumulative functions were considered as yielding the best fit, and were retained. Results from such a best fit of the f (m) distribution are presented in Table 1 and Fig. 10 , separately for barium and S systems.
In Table 1 , M 1 and M 2 denote the central values of the Gaussian distributions with standard deviations σ 1 and σ 2 . We stress that the fit actually constrains Q, not M 1 and M 2 individually. This is why Table 1 contains several (M 1 , M 2 ) pairs, which all correspond to Q = 0.041 M or Q = 0.045 M , the values yielding the best fit for barium and S stars, respectively. These values agree well with the result previously obtained by Jorissen et al. (1998) 
S stars appear to be lacking small mass functions, and therefore to obtain a good fit, one needs to assume that the systems close to edge-on (cos i > 0.85, or i < 32
• ) are not present in the observed sample. This is not surprising, since small mass functions correspond to systems with small velocity amplitudes, which are difficult to detect if the systems suffer from radialvelocity jitter, as it is the case for evolved giants like S stars.
The smaller average mass for S-star systems, as compared to barium systems, is expected since (extrinsic) S stars, which are restricted to low surface temperatures, populate the tip of the RGB; temperature-wise, spectral type S is equivalent to M, and is thus cooler than K. However, barium stars, with their earlier spectral types (K), could be a mix of RGB stars and He-clump stars because the latter are not restricted to low-mass stars as are RGB stars.
A very interesting feature observed in Fig. 10 is the distribution of the mass functions for the binary K giants in open clusters from M07, which follows exactly that for barium stars, before deviating for frequencies in excess of 43%. This clearly means that at most 43% of the M07 sample correspond to postmass-transfer systems with WD companions. This frequency is an upper limit, since the low end of the f (M) distribution merges WD and main-sequence companions, where the latter distribution becomes dominant for f (M) > 0.02 M . In any case, this result is consistent with the finding of Sect. 3 based on the inversion of the mass-ratio distribution that 22% of the M07 binary sample corresponds to post-mass-transfer systems. This prediction makes us suspect that some of the M07 stars should be rich in s process elements as are the barium stars. This prediction is investigated in Sect. 5.
Are there barium stars among the Mermilliod binary giants in open clusters?
In view of the difficulty in separating pre-from post-masstransfer giants, from simple arguments based on the mass function and the location in the (P − e) diagram (Sect. 3.1), we decided to perform an abundance analysis of those binaries falling in the same region of the (P − e) diagram as barium stars and with a mass function consistent with a WD companion. Such an analysis should uncover barium stars, if there are any hidden in the M07 sample. In the lower panel of Fig. 4 , the promising candidates are those located below the green envelope. There are ten such stars that are observable from the Roque de los Muchachos Observatory (Canary Islands, Spain), where the HERMES spectrograph (Raskin et al. 2011 ) is mounted on the 1.2 m Mercator telescope from the Katholieke Universiteit Leuven. Two more were observed with the HARPS spectrograph on ESO 3.6 m telescope. The target properties are listed in Table 2 . On top of these 12 targets, 3 more were analysed because they fall in the long-period gap of the (P − e) diagram (see Sect. 3.1 for a description of this gap). The orbits were recomputed from the available radial-velocity data (as available on the WEBDA database), and with these recomputed eccentricities, one of the binaries (IC 4756 69) is found to fall at the border of the (P − e) gap, but NGC 2682 224 and IC 4756 80 at least remain well within the gap (Table 2) . On the other hand, only IC 4756 69 has a log Y value that makes it compatible with a postmass-transfer object. These three systems were added at the end of Table 2 as abundance targets as well. Table 2 also lists four barium stars in open clusters reported in the literature: NGC 2420 250, NGC 2420 173, NGC 5822 2, and NGC 5822 201. The location in the (P − e) diagram of all these cluster stars whose s-process abundances were derived are shown in Fig. 11 .
Finally, NGC 752 208 is observed to serve as a reference star, with no dynamical indication that it could be a post-masstransfer object.
Abundances
For the sake of clarity, all details about the abundance analysis (e.g. derivation of stellar parameters and line lists) are provided in Appendix B. Here we provide only the final abundances (Table 3). The quoted errors on the abundances in that Table are only standard deviations around the mean from line-to-line scatter when several lines are available for a given chemical species. They do not include systematic errors from uncertainties on the model parameters (see Table B .3 for the latter).
The abundances in Table 3 reveal that none of the three stars analysed in the long-period gap in the (P − e) diagram are barium stars nor is the comparison star NGC 752 208. Among the 12 targets with post-mass-transfer properties: one is a strong bar- Table 2 . Binary giants from the M07 sample that were the targets of an abundance analysis. As before, Y ≡ f (M)/M 1 . The effective temperature T eff and gravity log g are derived as explained in Sect. B.1 or taken from the literature. The columns labelled TO and Ba provide the cluster turn-off mass (in M ) and the conclusion of the abundance analysis, respectively: Y (barium star) or N (not a barium star). In column 'spectro', HE stands for HERMES and HA for HARPS. (2014) ium star (NGC 2420 173; see Sect. 4 for the definition of mild and strong barium stars), which is a fact already noted by Mermilliod & Mayor (2007a) , but without any quantitative analysis; and three show mild overabundances for at least two s-process elements among the five studied (Y, Zr, La, Ce, Nd). The threshold for flagging a star as a mild barium star may be best evaluated using as reference the abundance dispersion of the sample of field red giants studied by Luck & Heiter (2007) Moreover, as shown by Figs. 12 -15, the degree of overabundance seems correlated with the cluster metallicity: the star NGC 2420 173, which belongs to the most metal-poor cluster of the sample ([Fe/H] = −0.26 dex), exhibits strong s-process overabundances, for elements from the first and second s-process peaks. Incidentally, NGC 2420 contains another barium star, NGC 2420 250 (Mermilliod & Mayor 2007a) . Two among the A&A proofs: manuscript no. 28867_am (2014), whereas the fraction of mild barium stars is very low among solar-metallicity clusters (only one is found in NGC 2477, with [Fe/H] = 0.01 dex). It is tempting to attribute this correlation to the sensitivity of the s-process efficiency with metallicity, as predicted, for example, by Goriely & Mowlavi (2000) . Another explanation, in terms of the dilution factor of the accreted matter in the giant's envelope, is not supported by our results (Fig. 16 ). This is because in the cluster with the lowest turn-off (TO) mass, NGC 2682, none of the three stars studied turn out to be a barium star (even though NGC 2682 143, with [La/Fe] = 0.23 dex, is a close call). Therefore, the dilution factor is not the main factor controlling the level of s-process abundances in this cluster where giants have a small envelope mass and, thus, it should be easy to form barium stars. Overall, there is no correlation between [La/Fe] and the TO mass, as shown in Fig. 16. A last comment regarding the TO mass concerns the cluster NGC 2335, which has a large TO mass of 4.3 M . It is remarkable that it hosts a mild barium star, as diagnosed from its [Y/Fe] and [Nd/Fe] abundances (+0.46 and +0.63 dex, respectively); this means that rather massive AGB stars are still able to operate the s process. 
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They do not include systematic errors from uncertainties on the model parameters (see Table B .3 for the latter). The integer number following the abundances corresponds the number of lines used to compute the mean. The last column flags the star according to the following label: N (not a barium star), M (mild barium star), and S (strong barium star).
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Discussion
The discovery of barium or S stars in open clusters is a real golden nugget as they represent a very definite signature of postmass-transfer objects. Katime Santrich et al. (2013) report the existence of two barium stars in the open cluster NGC 5822, one of which is among the sample of M07: NGC 5822 2 is known Fig. 15 . Same as Fig. 12 for Nd. There is no error bar available on the Nd abundance, which is derived from single line.
to have an orbital period of 1002.2 days and an eccentricity of 0.132. As such, it does follow the trend shown by barium and S stars to have smaller eccentricities than normal giants at a given orbital period. However, in the same cluster, the M07 sample contains two other spectroscopic binaries: NGC 5822 151 and NGC 5822 276. Sales Silva et al. (2014) showed that the former Article number, page 11 of 24 A&A proofs: manuscript no. 28867_am Table A .4 . Open symbols denote data taken from literature, from the reference listed in Table 2 , and filled symbols denote abundances from the present analysis.
is not a barium star. This binary has a period of 1391.5 d and an eccentricity of 0.212. It does therefore fall within the (field) barium star locus in the (P − e) diagram, despite not being a barium star, thus confirming the conclusion already apparent from Fig. 11 that M07 cluster giants contain a mix of barium and nonbarium stars at long periods and small eccentricities. The barium star NGC 5822 2 has a spectroscopic mass function of f (m) = 0.00916 M and an estimated mass of 2.49 M , i.e. log Y = −2.43, putting it right in the middle of the systems containing a WD. This is thus no surprise. However, this is also the case of NGC 5822 151 (log Y = −2.15), which is not a barium star.
Our abundance study described in Sect. 5.1, involving 12 more giants from the M07 sample, has generalised the above conclusion that the locus of barium stars in the (P − e) diagram also contains non-barium stars. It is unfortunately not possible to infer the nature of the companion (WD or low-mass main-sequence star) so as to decide whether the non-barium nature of these stars is a consequence of their pre-mass-transfer status or a consequence of mass transfer of matter that is not enriched in s process. The statistics of barium stars found in clusters may nevertheless be used to shed light on that question. The 12 giants from M07 subjected to an abundance study cover the range −2.75 ≤ log Y ≤ −2.05 ( Table 2 ). In that range, our statistical analysis of the reduced mass functions Y predicts 21 systems with WD companions and 16 with main-sequence companions (see Fig. 2 ), or a percentage of 57% (= 21/37) for the former 3 . Applied to the sample of 12 red giants whose sprocess abundances were derived, this percentage would imply that 0.57 × 12 = 6.8 ± 1.4 barium stars should have been found if all systems with WD companions were barium stars; the uncer-tainty on that value is estimated from the hypergeometric distribution, with N = 37, N 1 = 12, and p = X/N = 21/37 = 0.57. Only four were found, suggesting (despite the small-number statistics) that not all mass-transfer events from an AGB companion lead to the formation of a barium star.
Another signature of mass transfer is the blue straggler phenomenon. Geller & Mathieu (2011 ), Gosnell et al. (2014 , and Gosnell et al. (2015) have shown that (most of the) blue straggler stars in the cluster NGC 188 are binary systems, some with detected WD companions. The distribution of these binaries in the (P − e) diagram is shown in Fig. 11 , using the orbital elements from Gosnell et al. (2015) . Surprisingly, considering the fact the blue stragglers are supposed to be post-mass-transfer objects, some of these objects are located outside the region defined by the post-mass-transfer barium stars. Unfortunately, a possible barium overabundance in the blue-straggler binaries of NGC 188 has not been tested, as was carried out by Milliman et al. (2015) for the blue stragglers in NGC 6819. In the latter cluster, five blue stragglers are found to be enriched in barium. Among these however, four show no sign of binarity and one is a SB2 system; neither situation is compatible with the mass-transfer scenario of matter rich in s-process elements from an AGB companion to produce such barium-rich stars. Overall, the relation between barium stars and blue stragglers has thus not yet been convincingly established.
Conclusions
This paper presents a study of the mass-function distributions of red giants in open clusters and in barium systems. As far as the cluster sample is concerned, we conclude that 22% of the sample corresponds to post-mass-transfer systems. These systems must have WD companions. An abundance study of 12 cluster giant stars with a reduced mass function compatible with such a WD companion reveals that only 4 are indeed barium stars (3 are mild barium stars, and 1 is a strong barium star), whereas the statistics predicts 7 barium stars if all mass-transfer events ending up with a WD companion would also contaminate the accreting star with s-process elements and turn it into a barium star. We are thus led to conclude that this is not always the case. This lack of s-process contamination is probably related to the high metallicity of the considered clusters (most have solar, or even slightly super-solar metallicity), since all strong barium stars are found in the clusters with the lowest metallicities. This result confirms the larger efficiency of the s-process nucleosynthesis predicted at lower metallicities.
An important result of our analysis is the fact that some postmass-transfer systems from the M07 sample of giants in open clusters are located outside the locus of barium systems in the (P−e) diagram. The same conclusion holds for the blue-straggler binaries in the cluster NGC 188. The origin of this difference in the dynamical outcome of mass transfer in barium stars, on one hand, and blue-straggler or open-cluster systems, on the other hand, is so far unknown.
Regarding barium stars, we confirm earlier results that their mass-function distribution is typical of WD companions, but in the absence of a reliable mass distribution for the barium giants, it is not possible to compare the WD mass distribution in barium systems with that of field WDs. Table 3 gives the standard deviation around the mean abundance ratios, for each ion with at least three independently measured lines. Since we are dealing with small samples, an estimate of the standard error on the mean can be obtained with k α,N−1 × s/ √ N, where k α,N−1 is the percentile of the Student's t distribution with N − 1 degrees of freedom, such that the probability P(−k α,N−1 < T < k α,N−1 ) is 1 − α. For a two-sided test and 1 − α = 0.70 (i.e. approximately a 1σ confidence interval), k 0.3,2 = 1.386, k 0.3,3 = 1.250, k 0.3,4 = 1.190, k 0.3,7 = 1.119, k 0.3,8 = 1.108. This allows us to estimate a conservative random error for our abundance ratios of 0.1 dex. Table B .3 facilitates the evaluation of the systematic errors on the final abundance ratios caused by the uncertainty on the stellar parameters. As expected, neutral species are more sensitive to the temperature than ionised species, while the tendency is opposite for gravity. Except for the notable case of Zr I, the impact of the model-atmosphere uncertainties is always below 0.1 dex, in absolute value, which we adopt as a conservative estimate of the systematic error on the abundances. Table B .1. List of measured lines: wavelength λ, excitation potential χ exc , adopted oscillator strengths log g f , and source: (a) Merle et al. (2016) , (b) GES line list v5 (Heiter et al. 2015) , (c) adjusted to reproduce solar and/or Arcturus abundances, and (d) VALD. The effective log g f is given for lines whose hyperfine structure was taken into account (identified with an asterisk after the wavelength). 
